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Animals modify food-seeking behavior and metabo-
lism according to perceived food availability. Here
we show that, in the roundworm C. elegans, release
of neuropeptides from interneurons that are directly
postsynaptic to olfactory, gustatory, and thermosen-
sory neurons coordinately regulates behavior and
metabolism. Animals lacking these neuropeptides,
encoded by the flp-18 gene, are defective in chemo-
sensation and foraging, accumulate excess fat, and
exhibit reduced oxygen consumption. Two G
protein-coupled receptors of the NPY/RFamide
family, NPR-4 and NPR-5, are activated by FLP-18
peptides in vitro and exhibit mutant phenotypes
that recapitulate those of flp-18 mutants. Our data
suggest that sensory input can coordinately regulate
behavior and metabolism via NPY/RFamide-like
receptors. They suggest that peptidergic feedback
from interneurons regulates sensory neuron activity,
and that at least some of this communication
occurs extrasynaptically. Extrasynaptic neuropep-
tide signaling may greatly increase the computa-
tional capacity of neural circuits.
INTRODUCTION
Animals live in dynamic environments where food availability is
variable and often poor. To survive and propagate, they must
adjust their foraging behavior and metabolism according to
external cues that signal food availability and internal cues that
relay nutritional state and energy demand. In mammals, these
responses are coordinated by a complex and distributed set of
signaling systems and neural circuits (Berthoud and Morrison,
2008). Understanding how these systemswork is an outstanding
challenge.
G protein-coupled receptors (GPCRs) of the NPY receptor
family and their peptide ligands, neuropeptide Y (NPY) and
peptide YY, are one set of regulators of energy homeostasis
and fat storage in mammals. NPY, released from neurons in
the arcuate nucleus of the hypothalamus, promotes appetitive
feeding behavior and also modulates dietary preference (Beck,
2006). PYY, released from the gut after food intake, providesnegative feedback to limit food consumption (Ashby and Bloom,
2007). Related to NPY receptors are RFamide receptors. RFa-
mide peptides have also been implicated in energy homeostasis:
PrRP and NPFF are anorectic, whereas QRFP appears to be
orexigenic (Bechtold and Luckman, 2006, 2007; Watanabe
et al., 2005). The mechanisms involved are unclear, but RFamide
peptides regulate the hypothalamic-pituitary-adrenal stress
axis, which is known tomodulate energy homeostasis and appe-
tite (Adam and Epel, 2007). Understanding how these peptides
regulate feeding behavior and fat homeostasis is challenging
because so many body systems are involved, and disrupting
one system can lead to compensatory changes in another.
The nematode Caenorhabditis elegans is proving a useful
model to investigate mechanisms controlling fat storage and
metabolism. Large-scale genetic and RNAi screens in this
animal have uncovered a number of genes involved in fat homeo-
stasis (Ashrafi et al., 2003; McKay et al., 2003a; Watts and
Browse, 2002). These include insulin-like peptides, Transforming
Growth Factor (TGF-b), and serotonin (Ashrafi et al., 2003; Srini-
vasan et al., 2008; Sze et al., 2000). Interestingly, the corre-
spondingmammalian signals also regulate fat storage (Leibowitz
and Alexander, 1998; Mukherjee et al., 2007; Nonogaki et al.,
1998). Further parallels have emerged from studies of tubby
and bbs (Bardet-Biedl syndrome) genes. In both mammals and
C. elegans, loss-of-function mutations in these genes are asso-
ciated with defects in sensory cilia and excess fat storage (Ash-
rafi et al., 2003; Carroll et al., 2004; Kleyn et al., 1996; Mak et al.,
2006; Noben-Trauth et al., 1996; Stubdal et al., 2000).
C. elegans uses a constellation of ciliated sensory neurons to
monitor food availability. This includes the olfactory neurons
AWA and AWC, the gustatory neurons ASE (reviewed in Barg-
mann, 2006), and the mechanosensors ADE, PDE, and CEP
that respond to food texture (Sawin et al., 2000). Signaling
from these neurons modifies foraging behavior and allows
C. elegans to locate and dwell in an area if food is present but
to leave the area if food is absent or poor (Shtonda and Avery,
2006). The mechanisms by which input from different food
cues are integrated to control foraging are unclear. Also
unknown is how these sensory inputs modify metabolism and
fat storage. The simplicity of the C. elegans nervous system,
which comprises 302 neurons, provides an opportunity to define
these processes at both the molecular and circuitry levels.
The C. elegans genome encodes 12 members of the NPY/
RFamide receptor family (http://www.wormbase.org; Hewes
and Taghert, 2001). One of these receptors, the polymorphicCell Metabolism 9, 375–385, April 8, 2009 ª2009 Elsevier Inc. 375
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Neuropeptide Control of Behavior and MetabolismFigure 1. FLP-18 Peptides Regulate C. elegans Fat Accumulation and Foraging
(A) Schematic diagram of the flp-18 gene. The promoter is depicted by a black box, exons by white boxes, and introns by gray boxes. Arrows indicate the signal
sequence and the first encoded peptide. The magenta line indicates the region deleted in the flp-18(db99) allele.
(B) Nile Red staining of N2 and flp-18(db99) L4 animals, showing the pharyngeal terminal bulb (outlined in white) and the anterior part of the intestine. Pictures
were taken at the same exposure.376 Cell Metabolism 9, 375–385, April 8, 2009 ª2009 Elsevier Inc.
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Bono and Bargmann, 1998), but less is known about roles of
other receptors. No clear C. elegans ortholog of NPY has been
found thus far, but this animal’s genome encodes at least 23
RFamide genes, called flp (FMRFamide-like peptide) genes (Li
et al., 1999). RFamides are expressed throughout the nervous
system, in sensory neurons, interneurons, and motor neurons
(Kim and Li, 2004). Here we investigate if RFamide ligand-
receptor pairs regulate food-seeking behavior and metabolism
in C. elegans. We focus on flp-18, an RFamide expressed in
AIY interneurons, which are immediately postsynaptic to olfac-
tory, gustatory, and thermosensory neurons. We show that flp-
18 mutants have defects in chemosensation, foraging, dauer
formation, and fat accumulation and exhibit decreased oxygen
consumption.We investigate two receptors of the NPY/RFamide
family, NPR-4 andNPR-5, identified as FLP-18 receptors in vitro.
We show that mutations in these receptors recapitulate the
phenotypes exhibited by flp-18 mutants. We show that FLP-18
release from the AIY interneurons coordinately regulates odor
responses, foraging strategy, and fat metabolism. The NPR-4
and NPR-5 receptors can each regulate accumulation of intes-
tinal fat; NPR-4 acts partly in the intestine, whereas NPR-5
acts in ciliated sensory neurons. NPR-4 also regulates odor
responses and foraging strategy; NPR-5 acts in the ASJ neurons
to regulate another food-dependent decision, dauer formation.
Our data link sensory detection of food cues to foraging behavior
and metabolism via RFamide-like receptor signaling. They also
suggest that peptidergic feedback from interneurons regulates
sensory neuron activity, and that some of this communication
occurs extrasynaptically.
RESULTS
flp-18 Mutants Accumulate Excess Intestinal Fat
and Have Altered Metabolism
The flp-18 gene encodes six RFamide peptides that differ in
length but share a common C-terminal sequence (Table S1).
To investigate the function of these neuropeptides, we isolated
a deletion mutant, flp-18(db99). This allele removes 2016 base
pairs spanning the promoter region and a part of the coding
region, including the initiation codon and signal sequence, and
is likely to be a strong loss-of-function or null allele of flp-18
(Figure 1A). flp-18(db99) mutants were viable, developed nor-
mally, and appeared healthy.
We tested if flp-18 mutants had altered fat accumulation.
C. elegans does not have adipose tissue but stores triglycerides
in droplets along the intestine (Kniazeva et al., 2003; Watts andBrowse, 2002). These droplets can be visualized using the vital
fluorescent dye Nile Red, which binds neutral lipids (Ashrafi
et al., 2003). flp-18(db99)mutant animals exhibited 1.5- to 2-fold
higher intestinal fat staining compared to N2 wild-type animals
when assayed with Nile Red (Figures 1B and 1C). To confirm our
results, we grew animals on fluorescent BODIPY-labeled fatty
acid analogs, which are incorporated into fat droplets. BODIPY-
labeled flp-18 mutants also exhibited a 1.5- to 2-fold increase in
intestinal fat (Figure1D).Expressing the flp-18open reading frame
from its natural promoter in flp-18(db99) mutants reduced fat
levels back to wild-type levels, confirming that the phenotype
was associated with loss of flp-18 function (Figure 1C).
Increased intestinal fat in flp-18 mutants was not associated
with changes in the rates of feeding, defecation, growth, or
egg production (Table S2 and Figure S1). flp-18 mutants also
had wild-type brood sizes and were not sluggish (data not
shown; see below). These results suggested that loss of flp-18
signaling alters metabolism. To investigate this possibility, we
compared oxygen consumption of N2 and flp-18 animals.
Whereas N2 animals consumed 1.15 ± 0.17 mmol O2 / (min*mg
protein) (±SEM), flp-18 animals consumed significantly less,
0.77 ± 0.15 mmol O2 / (min*mg protein) (±SEM; paired Student’s
t test p value = 0.03). Increased intestinal fat in flp-18 mutants
thus correlates with reduced aerobic metabolism.
flp-18 Expression in the AIY or RIG Interneurons
Rescues the flp-18 Fat Phenotype
To identify the neurons that release FLP-18 peptides to regulate
fat storage, we created a polycistronic transgene that expressed
flp-18 and gfp from the endogenous flp-18 promoter. This flp-
18::gfp operon rescued the fat phenotype of flp-18(db99)
mutants and fluorescently labeled a small subset of head
neurons. These included the AIY, AVA, RIG, and RIM interneu-
rons and motor neurons in the ventral cord, as described previ-
ously (Rogers et al., 2003). We next created transgenes that
expressed the flp-18::gfp operon selectively in each of the AIY,
RIM, or RIG neurons using cell-specific promoters (see Supple-
mental Data and Figure S2).We introduced these transgenes into
flp-18(db99) mutants and quantified intestinal fat accumulation
by Nile Red staining. Expressing flp-18 in RIM did not signifi-
cantly reduce fat levels (Figure 1E). However, expression in either
the AIY or RIG interneurons reduced the intestinal fat in flp-18
mutants to nearly wild-type levels (Figure 1E). This apparent
redundancy suggests there are common cellular targets for
FLP-18 released from the AIY and RIG neurons, or that parallel
neural circuits regulate intestinal fat storage in response to
FLP-18 signals.(C) Quantification of Nile Red fluorescence in L4 animals. Number of animals (Ns): N2 = 102, flp-18(db99) = 108, flp-18(db99) Ex[flp-18p::flp-18] = 63. In all Nile
Red/C1-BODIPY-C12 staining panels, the level of fluorescence of N2 animals is set at 1, and the relative level of fluorescence in mutant animals is shown.
All animals were tested at the L4 stage, unless otherwise indicated. At least three independent experiments were performed; error bars indicate SEM.
(D) C1-BODIPY-C12 staining of N2 and flp-18(db99) animals. Ns: N2 = 47, flp-18(db99) = 44.
(E) Quantification of Nile Red fluorescence of N2 and flp-18(db99) animals compared to that of animals expressing flp-18 in single neuron pairs. Ns: N2 = 179,
flp-18(db99) = 149, flp-18(db99) Ex[ttx-3prom5::flp-18] (AIY neuron) = 67, Ex[cex-1p::flp-18] (RIM) = 129, Ex[twk-3en::flp-18] (RIG) = 103. Asterisks indicate signif-
icance in the two-tailed Student’s t test; *p < 0.05, **p < 0.01, and ***p < 0.001 in all figures.
(F and G) Chemotaxis assays were performed as previously described (Bargmann et al., 1993). Diacetyl dilutions of 1:100 and benzaldehyde dilutions of 1:200
and 1:1000 were used.
(H and I) quantification of reversals and omega turns (respectively) during 3 min on food (Food), upon removal from food (No Food Time 0) and after 1 hr of
starvation (No Food 60 Minutes).Cell Metabolism 9, 375–385, April 8, 2009 ª2009 Elsevier Inc. 377
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Responses to Odors and Foraging
The AIY interneurons are postsynaptic to olfactory, gustatory,
and thermosensory neurons (White et al., 1986). They are acti-
vated by odors sensed by the AWC olfactory neurons (Chalasani
et al., 2007) and are important for chemotaxis to near-threshold
levels of odors (Tsalik and Hobert, 2003). AIY neurons also regu-
late another food-related behavior called local search. When
wild-type animals are removed from food, they explore a local
area, where food is expected, by repeatedly reversing and
turning. After about 15 min of food withdrawal, animals switch
to exploring larger areas, by inhibiting reversals and turns.
Animals lacking the AIY interneurons continue reversing and
turning even an hour after removal from food (Gray et al., 2005;
Tsalik and Hobert, 2003; Wakabayashi et al., 2004).
We speculated that release of FLP-18 peptides from AIY coor-
dinately modulates metabolism, chemosensory responses, and
local search behavior. To test this, we first examined if loss of
flp-18 disrupted odor sensing. Like animals defective in AIY,
flp-18 mutants showed wild-type chemotaxis to high levels of
odors (Figures 1F and 1G), but were defective in finding near-
threshold odor sources. This defect could be rescued by
expressing flp-18 specifically in the AIY neurons (Figure 1G).
FLP-18 release from AIY thus helps promote odor responses.
We next asked if FLP-18 release from AIY regulated local
search behavior. flp-18mutants enhanced their rate of reversals
(Figure 1H) and turns (Figure 1I) upon removal from food,
although not to the same extent as wild-type animals. Strikingly,
however, they behaved like animals lacking AIY (Tsalik and Ho-
bert, 2003; Wakabayashi et al., 2004) and failed to switch to
dispersal after prolonged food withdrawal. Targeted expression
of flp-18 in AIY restored to flp-18mutants the ability to switch to
dispersal after 60 min of food deprivation (Figures 1H and 1I).
Table 1. flp-18 Signaling Inhibits Dauer Formation
Genotype
Percent dauer
at 16C (n)
Percent dauer
at 25C (n)
daf-7(e1372) 14 (262) 100 (347)
daf-7(e1372); flp-18(db99) 97 (764) ND
daf-7(e1372); flp-18(db99);
ttx-3prom5::flp-18 (AIY)
23 (124) ND
daf-7(e1372); npr-5(ok1583) 43 (461) 91 (664)
daf-7(e1372); npr-5(ok1583);
srh-11p::npr-5 (ASJ)
17 (333) 70 (376)378 Cell Metabolism 9, 375–385, April 8, 2009 ª2009 Elsevier Inc.These data suggest that FLP-18 release from AIY promotes
a switch from local search to dispersal after prolonged with-
drawal from food.
FLP-18 Release from AIY Modulates Dauer Formation
When food is scarce, C. elegans forms dauers, a facultative
larval stage specialized for survival and dispersal (Riddle, 1997).
If FLP-18 release fromAIY conveys signals about feeding state, it
might regulate the decision to form dauers. Loss of flp-18 alone
did not induce dauer formation when food was plentiful.
However, the flp-18mutation strongly enhanced dauer formation
in daf-7 TGF-bmutants grown at 16C, increasing it from 14% to
97% (Table 1). In contrast, deleting flp-18 did not enhance the
dauer constitutive phenotype of mutations in the daf-2 insulin-
like receptor (data not shown). The strong dauer constitutive
phenotype of daf-7; flp-18 mutants grown at 16C could be
suppressed by expressing flp-18 selectively in AIY (Table 1)
but not in RIG (data not shown). Thus, flp-18 release from the
AIY neurons also modulates dauer formation.
Multiple Receptors of theNPY/RFamide Family Regulate
C. elegans Fat
To understand how FLP-18 peptides exert their effects, we
sought to identify their cognate receptors. We have previously
shown that FLP-18 peptides can activate the NPY-like receptor
NPR-1 (Rogers et al., 2003); however, npr-1 loss-of-function
mutants accumulated wild-type levels of intestinal fat (Figure 2).
This suggested that flp-18 peptides could signal through recep-
tors other than NPR-1. Consistent with this, overexpressing
flp-18 peptides induces an uncoordinated phenotype, even in
the absence of npr-1 (Rogers et al., 2003). Based on sequence
similarity to mammalian receptors, C. elegans encodes 11 other
NPY-like receptors. We speculated that one or more of these
might be activated by FLP-18 peptides and regulate fat homeo-
stasis. To investigate this hypothesis, we quantified the amount
of fat stored in the intestine of mutants for each of these neuro-
peptide receptors using Nile Red staining (Keating et al., 2003).
These mutants were npr-1, npr-2, npr-3, and nine other recep-
tors that we named npr-4 to npr-8 and npr-10 to npr-13
(C39E6.6, T05A1.1, C10C6.2, C16D6.2, Y58G8A.4, F41E7.3,
F35G8.1, C56G3.1, C53C7.1, C25G6.5, T22D1.12, and
ZC412.1, respectively) (Table S3). We found that deletions in
four receptors (npr-2, npr-4, npr-5, and npr-7) were associated
with increased intestinal fat storage compared to wild-typeFigure 2. Mutations in Several C. elegans Receptors
of the RFamide/NPY Family Are Associated with Excess
Fat Storage
Quantification of Nile Red fluorescence of N2 and flp-18
animals compared to that of mutants in each of the 12 C. elegans
NPY/RFamide-like neuropeptide receptors. Ns: N2 = 102,
flp-18(db99) = 108, npr-1(ad609) = 60, npr-2(ok419) = 83,
npr-3(tm1583) = 47, npr-4(tm1782) = 53, npr-5(ok1583) = 26,
npr-6(tm1497) = 46, npr-7(ok527) = 124, npr-8(tm1553) = 61,
npr-10(ok1442) = 83, npr-11(ok594) = 32, npr-12(tm1498) = 21,
npr-13(tm1504) = 60. Error bars indicate SEM.
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peptide signaling pathways controls fat storage in C. elegans.
FLP-18 Peptides Can Signal through NPR-4
and NPR-5 Receptors
To investigate if any of the four receptors with fat phenotypes
(npr-2, npr-4, npr-5, and npr-7) responded to FLP-18 ligands,
we injected Xenopus oocytes with their corresponding cRNA.
Each one either separately or together with cRNA encoding G
protein gated inwardly rectifying potassium channel subunits
(GIRK1, GIRK2) or a promiscuous G protein (G-a16). As controls,
we also studied two other receptors, npr-6 and npr-8. We tested
activation of the receptors by applying FLP-18 peptides and
recording the currents produced. We found that only two of the
six receptors tested, NPR-5 and NPR-4, responded to FLP-18
peptides in this Xenopus oocyte assay (Table S4). npr-5-injected
oocytes responded to FLP-18 peptides by strongly activating an
endogenous inward chloride current (Table S1). Such a response
is characteristic of signaling through calcium- and IP3-mediated
pathways (Husson et al., 2007). NPR-5 was activated by all
FLP-18 peptides at a concentration of 106 M. However, full
dose-response curves indicate that two FLP-18 peptides,
FLP-18-3 and FLP-18-5 (Figure 3B and Table S1), have the lowest
thresholds for theactivationofNPR-5between109Mand108M.
The NPR-4 receptor was also activated by all FLP-18 peptides
when tested at high concentrations (106 M), but two peptides,
FLP-18 and FLP-18-4 (Figure 3A and Table S1), different from
the ones preferentially activating NPR-5, were more potent. The
threshold for NPR-4 activation by these peptides was between
109 M and 108 M and required coexpression of GIRKs, sug-
gesting that NPR-5 and NPR-4 utilize different cellular signaling
machinery to transduce the FLP-18 signal. Neither NPR-5 nor
NPR-4 responded to the application of FLP-23 and FLP-32
peptides (Table S1), suggesting specificity of FLP-18 activation
of these receptors. No currents were recorded when any of the
FLP-18 peptides or FLP-21 were applied to oocytes expressing
the other four receptors tested (Table S4). While our work was
in progress, an independent study usingCHOcells also identified
NPR-5 as a potential receptor for FLP-18 with EC50 that ranged
between 13.3 and 117 nM, depending on the specific FLP-18
peptide (Kubiak et al., 2007). Together, these data suggest that
NPR-4 and NPR-5 are candidate receptors for FLP-18.
npr-4 and npr-5 Mutants Exhibit Subsets
of the flp-18 Phenotype
To confirm that the intestinal fat phenotypes of npr-4 and npr-5
mutants were due to loss of these receptors, we showed that
wild-type transgenes of each receptor rescued the fat pheno-
type of the corresponding receptor mutant (Figure 3D). We
also showed that the fat phenotype of the receptor mutants,
like that of flp-18 mutants, was not associated with behavioral
inactivity or altered rates of growth, food ingestion, defecation,
and reproduction (Table S5 and Figure 3C). Overtly, the receptor
mutants appeared wild-type.
If FLP-18 peptides signal through NPR-4 and NPR-5 recep-
tors, the phenotype of double mutants would be expected to
resemble that of single mutants and not be additive. To investi-
gate this, we quantified intestinal fat in npr-5;flp-18, flp-18;npr-4,
and npr-5;npr-4 double mutants and compared it to that of thesingle mutants. None of the double mutants showed intestinal
fat levels that were significantly higher than those found in the
single-receptor mutants (Figure 3D). These results are consistent
with npr-4 and npr-5 acting in the same pathway as flp-18,
although they do not exclude the possibility that homeostatic
mechanisms adjust fat levels in double mutants, compensating
for any additive phenotypes.
To test our hypothesis further, we investigated if animals lack-
ing the npr-4 and npr-5 receptors recapitulated not only the fat
phenotype of flp-18 but also other phenotypes. Consistent
with this, npr-4 mutants showed reduced chemotaxis toward
a 1:1000 dilution of benzaldehyde but wild-type chemotaxis
toward higher odor concentrations (Figures 1F and 1G). Like
flp-18 animals, npr-4 mutants also failed to switch from local
search behavior to exploratory behavior after being withdrawn
from food for 1 hr (Figures 1H and 1I). By contrast, npr-5mutants
appeared wild-type in these two assays (Figures 1G–1I). npr-5
mutations, like flp-18 mutations, enhanced the dauer-constitu-
tive phenotype of animals defective in daf-7 TGF-b (Table 1).
Mutants in npr-4 and npr-5 thus recapitulate different subsets
of the flp-18 loss-of function phenotypes.
To provide further evidence that FLP-18 can signal through
NPR-4 and NPR-5 in vivo, we tested whether mutations in the
receptors suppressed phenotypes associated with flp-18 over-
expression. As mentioned previously, animals transgenic for
multiple copies of flp-18 are uncoordinated, a phenotype that
can be quantified by counting the rate at which animals thrash
in liquid (Figure 3C). Mutations in npr-5 strongly suppressed
the flp-18 overexpression phenotype, whereas mutations in
npr-4 did so more weakly. Together, these data suggest that
NPR-4 and NPR-5 can both act as FLP-18 receptors in vivo.
The NPR-4 and NPR-5 Receptors Are Expressed
in Multiple Cell Types
To identify where NPR-4 and NPR-5 are expressed, we
placed DNA encoding red fluorescent protein (RFP) under the
control of their upstream sequences and identified fluorescent
cells (see Experimental Procedures). In the nervous system,
npr-4p::RFP was expressed in the AVA and RIV neurons, in
a neuron that may be BAG (Figure 4A and data not shown), in
the tail neuron PQR (Figure 4B), and in the BDU neurons
(Figure 4D). Outside the nervous system, we observed fluores-
cence in the coelomocytes (Figure 4C), parts of the intestine
(Figures 4C and 4D), and the rectal gland cells (data not shown).
The npr-5p::RFP transgenewas expressed in a subset of amphid
neurons (ADF, ASE, ASG, ASI, ASJ, ASK, AWA, AWB) (Figure 4E,
not all neurons shown), in the inner labial neuron IL2 (Figure 4E),
in the interneurons AIA and AUA, and in the phasmids (PHA,
PHB) (Figure 4F). Outside the nervous system, npr-5p::RFP
was expressed in head, neck (Figure 4G), and body muscles
(Figure 4H) throughout larval and adult development.
Excess Intestinal Fat in flp-18Mutants Is Not Dependent
on DAF-16
As in mammals, insulin signaling regulates energy balance and
fat accumulation in C. elegans (Kimura et al., 1997; Ogg et al.,
1997). Signaling from the insulin-like receptor DAF-2 inhibits
accumulation of intestinal fat by repressing the forkhead tran-
scription factor DAF-16 (Kimura et al., 1997; Ogg et al., 1997).Cell Metabolism 9, 375–385, April 8, 2009 ª2009 Elsevier Inc. 379
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(A and B) Dose response curves for the actions of FLP-18 ligands on NPR- 5 (A) and NPR-4 (B) receptors exogenously expressed in Xenopus oocytes. The NPR-5
responses are shown as the effects of the ligands (2 min pulses) on the endogenous inward chloride current of the oocytes. The NPR-4 responses are shown as
the effects of the ligands (2 min pulses) on the currents generated by the exogenously expressed inwardly rectifying potassium channels. Each data point repre-
sents the mean ± SEM of 6–20 values from separate oocytes.
(C) Mutations in npr-4 and npr-5 suppress phenotypes associated with flp-18 overexpression. Swimming speed in M9 buffer; the body bends of 30 animals
of each genotype were counted for 1 min.
(D) Quantification of Nile Red fluorescence of L4 animals. Ns: N2 =150, flp-18(db99) = 193, npr-4(tm1782) = 171, flp-18(db99); npr-4(tm1782) = 118, npr-
5(ok1583) = 57, npr-5(ok1583); flp-18(db99) = 138, npr-5(ok1583); npr-4(tm1782) = 27, npr-4(tm1782) Ex[npr-4p::npr-4] = 65, npr-5(ok1583) Ex[npr-5p::npr-
5] = 66. Error bars indicate SEM.Insulin-like peptides are expressed in several ciliated neurons,
including ASE, ASI, and ASJ (Pierce et al., 2001; Tomioka et al.,
2006). Coexpression of NPR-5 with insulins in these ciliated380 Cell Metabolism 9, 375–385, April 8, 2009 ª2009 Elsevier Inc.sensory neurons raised the possibility that FLP-18 regulates
fat accumulation via insulin signaling. We therefore asked if
DAF-16 forkhead was required for flp-18mutants to accumulate
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intestinal fat in flp-18, daf-16, and daf-16; flp-18 mutants.
flp-18; daf-16 animals retained excess fat (Figure 5A), suggest-
ing that flp-18 fat phenotype is independent of DAF-16.
Studies of the mammalian tubby gene and its C. elegans
homolog tub-1 have also implicated ciliated neurons in inhibition
of fat accumulation (Kleyn et al., 1996; Mak et al., 2006; Mukho-
padhyay et al., 2005). To investigate if flp-18 and tub-1 inhibit fat
accumulation via different pathways, we examined if tub-1;
Figure 4. The flp-18 Receptors npr-4 and
npr-5Act inMultiple Tissues toRegulate Fat
(A–D) Expression of npr-4p::RFP (red) and DiO
(3,30-dioctadecyloxacarbocyanine, perchlorate)-
filled neurons (green). Shown are confocal projec-
tions: lateral view of head neurons (A) and ventral
view of tail neurons (B; arrowheads indicating
PHA and PHB and arrow indicating PQR). Also
shown are npr-4 expression in coelomocytes (indi-
cated by arrow) and in the intestine (C; confocal
image, lateral view) and npr-4 expression in the
intestine and the BDU neuron, indicated by an
arrow (D; confocal image, lateral view).
(E–H) Expression of npr-5p::RFP (red) and DiO
filled neurons (green). Shown are confocal projec-
tions: lateral view of head neurons (E) and ventral
view of tail neurons (F; arrowheads indicating
PHA and PHB). Also shown are npr-5 expression
in head and neck muscles (G; confocal image,
lateral view) and npr-5 expression in body wall
muscles. (H; confocal image, lateral view). Scale
bars are 10 mm.
(I) Quantification of Nile Red fluorescence of L4
animals. Expression of npr-5 selectively, in a group
of ciliated neurons, rescues the fat phenotype of
npr-5. Ns: N2 = 157, flp-18(db99) = 235, npr-
5(ok1583) = 141, npr-5(ok1583) Ex[tax-4p::npr-5] =
121, npr-5(ok1583) Ex[odr-4p::npr-5] = 53.
(J) Quantification of Nile Red fluorescence of L4
animals. Ns: N2 = 75, npr-4 = 157, npr-4(tm1782)
Ex[elt-2p::npr-4] = 129. Error bars indicate SEM.
flp-18 double mutants exhibit an additive
fat phenotype. Nile Red staining indi-
cated that the double mutants accumu-
lated fat levels similar to those found in
the single flp-18 mutant (Figure 5B),
which are less than those found in tub-1
mutants. The lack of an additive fat
phenotype is consistent with flp-18 and
tub-1 acting in the same regulatory
pathway. However, the partial suppres-
sion of tub-1 fat accumulation is unex-
pected, and suggests a multifaceted
role for FLP-18 signaling in fat homeo-
stasis.
FLP-18 Receptors Act in Multiple
Tissues to Regulate Intestinal Fat
Our genetic studies with tub-1 and the
expression pattern of NPR-5 suggested
that FLP-18 regulates fat accumulation
by modulating the activity of ciliated neurons. To test this, we
sought to rescue the npr-5 intestinal fat phenotype by express-
ing npr-5 cDNA in subsets of ciliated neurons. TUB-1 acts in
neurons that express the cGMP-gated ion channel TAX-4 to
regulate intestinal fat (Mak et al., 2006). tax-4 is expressed in
13 neuron types, 8 of which also express npr-5 (ASE, ASG,
ASI, ASJ, ASK, AWB, PHA, and PHB) (Komatsu et al., 1996).
We found that a tax-4p::npr-5 transgene restored wild-type
levels of fat accumulation to npr-5 mutants (Figure 4I). ToCell Metabolism 9, 375–385, April 8, 2009 ª2009 Elsevier Inc. 381
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promoter, which drives expression in 12 neurons (Dwyer et al.,
1998), 9 of which also express npr-5 (ADF, ASI, ASJ, ASK,
AWA, AWB, ASG, PHA, and PHB). Expression from the odr-4
promoter also reduced fat accumulation in npr-5 to wild-type
levels. Together, these experiments suggest that FLP-18
peptides released from the AIY and RIG interneurons act on
NPR-5 receptors in a small number of ciliated neurons to
regulate accumulation of intestinal fat.
The expression of the npr-4p::RFP transgene in the intestine
suggested that NPR-4 might act in the gut to regulate fat
accumulation. To test this, we targeted npr-4 expression to the
intestine using the elt-2 promoter (McKay et al., 2003b). This
transgene reduced fat stored in the intestine in npr-4 mutants
significantly, although not to wild-type levels. This suggests
that FLP-18 signaling through NPR-4 can mediate communica-
tion between the nervous system and the intestine.
Figure 5. Genetic Interactions of flp-18 Quantification
of Nile Red Fluorescence of L4 Animals
(A) Ns: N2 = 202, flp-18(db99) = 194, daf-16(mgDf50) = 162,
daf-16(mgDf50); flp-18(db99) = 154.
(B) Ns: N2 = 202, flp-18(db99) = 194, tub-1(nr2004) = 79,
tub-1(nr2004); flp-18(db99) = 121.
(C) Speculative model for how FLP-18 regulates foraging and
metabolism. FLP-18 peptides are released from AIY in response
to sensory cues relaying food availability. The peptides act on
NPR-4 in the intestine and NPR-5 in ciliated neurons to regulate
fat and on NPR-5 in ASJ neurons to regulate dauer formation.
To regulate odor responses and foraging strategy, FLP-18
peptides may signal through NPR-4 in AVA and RIV, neurons
that regulate reversal frequency and turning bias. Arrows indicate
information flow. Error bars indicate SEM.
NPR-5 Acts in ASJ Neurons to Regulate Dauer
Formation
Finally, we investigated where NPR-5 acts to inhibit
dauer formation in daf-7 TGF-b mutants. Expression
of npr-5 cDNA, specifically in the ASJ chemosensory
neurons, which have previously been implicated in
regulating dauer formation (Bargmann and Horvitz,
1991), restored reproductive growth in daf-7; npr-5
mutants grown at 16C (Table 1). ASJ receives very
few synaptic inputs and none from flp-18-expressing
neurons, suggesting that these neuropeptides can
mediate communication between nonsynaptically
connected neurons.
DISCUSSION
RFamide peptides encoded by the flp-18 gene modu-
late C. elegans chemosensory responses, foraging
behavior, and fat metabolism. Transgenic rescue
experiments suggest that release of FLP-18 peptides
from the AIY interneurons can coordinately regulate
all these responses. The AIY interneurons are major
postsynaptic targets of the gustatory ASE neurons,
the olfactory AWC neurons, and the thermosensory
AFD neurons (Chalasani et al., 2007; Mori and Oh-
shima, 1995; Tsalik et al., 2003; White et al., 1986).
Calcium imaging experiments indicate that the AIY neurons are
activated when temperature rises above the cultivation temper-
ature (Clark et al., 2006) and when C. elegans encounters attrac-
tive odors (Chalasani et al., 2007). Release of FLP-18 peptides is
therefore likely to be coupled to sensory inputs from food and
temperature. We speculate that altered fat metabolism and local
search behavior in flp-18 mutants reflects incorrect representa-
tion of these cues.
The behavioral phenotypes of flp-18 mutants are reminiscent
of those associated with mutations in the LIM homeodomain
gene ttx-3 (Hobert et al., 1997; Tsalik et al., 2003). ttx-3mutants
misspecify development of AIY interneurons. This phenotypic
similarity, together with our transgenic rescue of flp-18 pheno-
types by a pAIY::flp-18 transgene, suggests that many of the
signaling properties of AIY neurons are mediated by FLP-18.
The effects of flp-18 on both behavior and metabolism appear
to be mediated by two receptors, encoded by the npr-4 and382 Cell Metabolism 9, 375–385, April 8, 2009 ª2009 Elsevier Inc.
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types associated with deletion of flp-18, and FLP-18 peptides
activate these receptors in vitro. Like flp-18 mutants, mutants
for each receptor accumulate excess intestinal fat; npr-4
mutants also exhibit defects in olfaction and local search, while
npr-5mutants enhance dauer formation of daf-7 mutants. Inter-
estingly, the npr-5 receptor is expressed largely in sensory
neurons, whereas flp-18 is expressed in interneurons and motor
neurons. This suggests that FLP-18 peptides mediate feedback
from interneurons to sensory neurons. This notion is supported
by our study of dauer formation: flp-18 expression in AIY inter-
neurons and NPR-5 function in the ASJ sensory neurons inhibit
dauer formation in daf-7 mutants grown in 16C, suggesting
feedback from AIY to ASJ. Extensive sensory feedback has
been described in vertebrates. For example, neural responses
in the mammalian olfactory bulb are modified by serotonergic,
noradrenergic, and cholinergic afferent inputs (Chaudhury
et al., 2009; McLean and Shipley, 1987; Sullivan et al., 2000).
Neuropeptides may mediate similar feedback effects in
C. elegans.
In general, the interneurons expressing FLP-18 peptides do
not form synapses onto neurons expressing NPR-4 and NPR-5
receptors. However, the axon processes of ligand- and
receptor-expressing neurons lie in close proximity in the nerve
ring. We speculate that FLP-18 peptides act extrasynaptically,
as local neuromodulators, or as neurohormones. This sugges-
tion is supported by our study of NPR-5 modulation of ASJ
neurons and NPR-4 activity in the intestine. Neither the intestine
nor ASJ neurons appear to receive synaptic inputs from flp-18-
expressing neurons. Such ‘‘wireless’’ communication has the
potential to considerably increase the complexity of information
processing in peptide-rich brain regions, such as the hypotha-
lamic nuclei in mammals.
flp-18 expression not only in AIY but also in RIG interneurons
can rescue the increased intestinal fat phenotype of flp-18
mutants. This dual signaling may allow animals to regulate fat
metabolism in response to different food cues. RIG interneurons
receive strong synaptic input from dopaminergic neurons previ-
ously implicated in responses to mechanical food cues (Sawin
et al., 2000). Whether mutations in flp-18 and its receptors alter
overall fat levels in C. elegans or the distribution of fat in different
tissues is unclear. In this work, we have examined only intestinal
fat levels.
We suggest a simple model, in which AIY and RIG interneu-
rons bring together information about nutritional state from their
presynaptic sensory neurons and relay it, via regulated FLP-18
release, to varied downstream targets, thereby coordinately
regulating sensory responses, foraging strategy, and metabo-
lism. For fat accumulation, FLP-18 peptides act on NPR-4
receptors in the intestine and NPR-5 receptors in ciliated
neurons (Figure 5C). Ciliated neurons expressing npr-5 include
ASI, ASJ, and ADF, neurons that release DAF-7 TGF-b, insulin-
like peptides, and serotonin, respectively. All three of these
signaling molecules have been implicated in control of fat
storage in C. elegans (Greer et al., 2008; Perez and Van Gilst,
2008; Srinivasan et al., 2008). npr-4 is expressed in relatively
few neurons, but these include the AVA and RIV interneurons
that regulate reversals and turns, respectively (Chalfie et al.,
1985; Gray et al., 2005). FLP-18 signaling through NPR-4 mayalter olfactory and local search behaviors by modulating the
activity of these neurons (Figure 5C).
Apart from NPR-4 and NPR-5, two other NPY-like receptors,
NPR-2 and NPR-7, regulate fat accumulation in C. elegans.
This complexity may reflect different roles of these receptors in
conveying sensory information. Studies in mammals also impli-
cate several RFamide peptides in energy homeostasis (Bechtold
and Luckman, 2007). Parallels between RFamide regulation of
energy homeostasis across phyla may provide insights into the
multitissue communication regulating fat storage in mammals.
EXPERIMENTAL PROCEDURES
Strains
Strains husbandry was as described (Brenner, 1974; Sulston and Hodgkin,
1988). All strains were maintained at 20C.
flp-18(db99) was isolated from the NL4000 transposon-rich strain by a PCR
deletion screen. Double-mutant strains were constructed using balancer
chromosomes in an N2 background and genotyped by PCR. Strains used or
generated in this study are listed in the Supplemental Data. Transgenic strains
were made using unc-122p::gfp (ccGFP, 70 ng/ml) as a coinjection marker
following standard methods (Mello et al., 1991). Animals injected were
flp-18(db99), npr-4(tm1782), or npr-5(ok1583). Test DNA was injected at 10–
60 ng/ml for all constructs. At least two transgenic lines were assayed for
each construct; the figures show data from one representative line. Strains
carrying promoter::gene::gfp transgenes were examined by DIC and fluores-
cence microscopy to confirm GFP expression in the appropriate cells.
Molecular Biology
flp-18, npr-4, and npr-5 expression constructs were generated using the
Gateway/MultiSite Gateway systems (Invitrogen). A library of Gateway vectors
(Invitrogen) was created to target expression of genes of interest to specific
C. elegans cells. The promoters used (neuronal expression in parentheses)
were: ttx-3prom5 (AIY) (Tsalik et al., 2003), twk-3en (RIG) (Salkoff et al.,
2001), cex-1 (RIM) (D. Walker, H. Baylis, and W. Schafer, personal communi-
cation), tax-4 and odr-4 (Coates and de Bono, 2002), elt-2 (intestine) (McKay
et al., 2003b), and srh-11 (ASJ) (Troemel et al., 1995). Details of plasmid
construction are in the Supplemental Data.
Quantifying Fat
Nile Red and C1-BODIPY-C12 staining are described in Ashrafi et al., 2003.
Details about microscopy and quantification are available in the Supplemental
Data.
Expression in Xenopus Oocytes
The X. laevis oocyte experiments were done as described in Rogers et al.,
2003. Details specific to this work are described in the Supplemental Data.
Physiological and Behavioral Assays
Pharyngeal pumping and defecation were examined in 1-day-old well-fed
animals raised at 20C. Pumping rate was determined by counting pharyngeal
contractions during a 1 min interval; the duration of two consecutive defeca-
tion cycles was noted for each animal tested.
Food consumption: 80 well-fed L4 animals, raised at 20C, were transferred
onto an NGM plate inoculated with a standard amount of E. coli OP50 (1.6 or
1.26 3 109 colony-forming units). The time taken to consume the bacterial
lawn at room temperature (22C) was noted. Parallel trials were performed
for each genotype (n = 5).
For swimming assays, young adults were placed into M9 buffer and allowed
to rest for a minute, and body bends were counted for 1 min. Assays were per-
formed at 22C, in parallel, on 3 days.
Foraging assays were done as previously described (Tsalik and Hobert,
2003). Briefly, young adults were transferred to OP50-seeded NGM plates,
allowed to rest for 1 min, and then filmed for 3 min (Food). The same animals
were then transferred to unseeded NGM plates, allowed to rest for 1 min, and
filmed for 3 min (No Food [Time 0]); the same animals were filmed again forCell Metabolism 9, 375–385, April 8, 2009 ª2009 Elsevier Inc. 383
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each worm.
Chemotaxis assays were done as previously described (Bargmann et al.,
1993). The chemotaxis index is equal to (number of worms at attractant 
number of worms at control) / sum of number of worms at attractant and at
control. Diacetyl was tested at 1:100 dilution and benzaldehyde at 1:200 and
1:1000 dilutions.
Confocal Microscopy
All images and projections were produced using a Zeiss LSM 510 system.
Oxygen Consumption
Oxygen consumption rates were measured as previously described (Braeck-
man et al., 2002). Synchronized cultures were grown on plates to the L4 stage.
Oxygen consumption ratewasmeasured using aClark-type oxygen electrode.
Protein quantification was done using Micro BCA kit (catalogue no. 23235;
Pierce; Rockford, IL) according to manufacturer’s protocol.
Statistical Analyses
The Student’s t test was used to determine the significance of the data for fat
content and thrashing assays. A paired Student’s t test was used to determine
the significance of the data for oxygen consumption.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, Supple-
mental References, five tables, and two figures and can be found online at
http://www.cell.com/cellmetabolism/supplemental/S1550-4131(09)00041-2.
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